Using inelastic neutron scattering, we have investigated the low-energy spin excitations in single crystals of La2−xSrxCuO4 bracketing the putative quantum critical point at xc ∼ 0.19. The magnetic scattering above the superconducting transition temperature, Tc, is inconsistent with proposed antiferromagnetic critical behavior. The shift in magnetic weight across Tc determines a spin gap ∆spin that is equal to published results for the coherent superconducting gap ∆c. We show that ∆c ≤ ∆spin is a general result for cuprates with uniform d-wave superconductivity and discuss the implications.
The layered copper-oxide compounds continue to be intriguing because they combine exotic ordered states, such as high-temperature superconductivity, with a challenging electronic environment that defies simple description [1] . The parent compounds are charge-transfer Mott insulators, for which charge excitations face a gap of ∼ 2 eV [2] , while the only low-energy excitations are the antiferromagnetic spin waves associated with the magnetic moments localized on Cu [3] . By chemical substitution or addition of oxygens in the spacer layers, it is possible to introduce holes into the CuO 2 planes. The holes would like to delocalize to minimize their kinetic energy, but this competes with the local superexchange interactions, resulting in complex inhomogeneous correlations [4, 5] , with a significant modification of the spin excitations from the antiferromagnetic state [6] . Another consequence is that, at low concentrations, only the doped holes contribute to the low-temperature transport properties; with increasing doping, the effective carrier density begins to rise faster than the dopant density [7, 8] . It rises quite rapidly as the doped-hole density p approaches a putative pseudogap critical point at p c ∼ 0.19 [9, 10] .
Given the prominence of antiferromagnetic spin fluctuations, it is commonly (but not universally) believed that they play a role in the hole pairing that is essential for superconductivity [5, 11, 12] . It has also motivated proposals that the pseudogap critical point might be associated with an antiferromagnetic quantum critical point [10, 13] . We set out to test this possibility by using inelastic neutron scattering to measure the spin fluctuations in the system La 2−x Sr x CuO 4 (LSCO) at doping levels p = x = 0.17 and 0.21, superconducting compositions close to but bracketing p c . If critical fluctuations are important, then we might expect the normal state to exhibit spin fluctuations spread over a substantial energy range with no characteristic energy scale. Instead, we found an effective normal-state spin gap of similar magnitude in both samples. Furthermore, the spin gap ∆ spin identified by the shift in magnetic spectral weight on cooling below the superconducting transition temperature T c is equal to the coherent superconducting gap ∆ c that has been determined previously by measurements such as Andreev reflection [14] , and electronic Raman scattering [15] ; it corresponds to the magnitude of the d-wave gap at the wave vectors at the ends of the normal-state Fermi arcs (delimited by the pseudogap) as determined by angle-resolved photoemission spectroscopy (ARPES) [16, 17] and scanning tunneling spectroscopy [18] [19] [20] , and indicated in Fig. 1(a) .
Is this behavior unique to LSCO? To check, we looked through the literature to identify neutron scattering measurements of ∆ spin and corresponding Raman scattering results for ∆ c . We find that, for all cuprate families studied, these data satisfy the relation ∆ c ≤ ∆ spin in the regime where uniform d-wave superconductivity occurs. It is intriguing that the correlation is with ∆ c rather than 2∆ c , as one might have expected from models that assume proximity to a Fermi-liquid state [21] . In fact, we argue that the gap relationship indicates the incompatibility of coherent quasiparticles with the antiferromagnetic spin excitations associated with local Cu moments [22] . We will discuss the implications further after establishing the result.
Let us begin by describing our experiments. Cylindrical crystals of LSCO 7-mm in diameter were grown for x = 0.17 and 0.21 by the traveling-solvent floating-zone method. After growth, each crystal rod was annealed in flowing O 2 at 980
• C for 1 week. The superconducting transition temperatures, 37 and 29 K, respectively, were determined by a dc magnetization measurement with a field of 10 G applied along the c axis. For the x = 0.17 sample, three crystals, with a total mass of ∼ 35 g, were coaligned by x-ray Laue with a tetragonal [110] axis in the vertical direction. For the x = 0.21 sample, four crystals, with a total mass of 25.5 g, were coaligned with a tetragonal [100] in the vertical direction using the neutron alignment station CG-1B at the High Flux Isotope Reactor, Oak Ridge National Lab (ORNL). To describe the scattering data, we will use a unit cell based on the lowtemperature orthorhombic phase with a ≈ b ≈ 5.35Å, The inelastic neutron scattering measurements were performed at the SEQUOIA time-of-flight spectrometer (BL-17) of the Spallation Neutron Source, ORNL [24] . For each composition, the sample was mounted in a closed-cycle helium refrigerator for temperature control. Measurements were performed with an incident energy of either 30 or 60 meV, using the the high-resolution or high-flux chopper, respectively, operating at a frequency of 420 Hz, for sample temperatures of base (4 or 5 K), 36 K (near T c ), and 300 K. For each condition, data were collected with the in-plane sample orientation relative to the incident beam rotated in 1
• steps over a range of at least 120
• . Initial data reduction was performed with MANTID [25] . Reference measurements on a vanadium standard were used to convert the intensity data to ab- solute units, and we extracted the imaginary part of the dynamical susceptibility, χ (Q, ω), in the conventional fashion [26] , making use of the magnetic form factor for Cu 2+ hybridized with 4 in-plane O neighbors [27] . Although phonon scattering is relatively weak at small Q, so is the magnetic scattering. The neutron scattering cross section is proportional to
At 300 K, the magnetic contribution to χ is weak relative to the phonon part; hence, we have subtracted the measured χ at 300 K from the low temperature data to largely remove the phonon contribution. Figure 2 shows constant-energy slices of the lowtemperature magnetic χ at excitation energies of 8, 18, and 30 meV as a function of the in-plane wave vector, where the antiferromagnetic wave vector corresponds to Q AF = (1, 0, 0). (We have integrated over momentum transfer perpendicular to the plane, covering −2 < L < 5.) The usual incommensurate peaks are seen at low energy, consistent with previous studies [28, 29] . By averaging the magnetic response over the first Brillouin zone, we obtain the Q-integrated response χ (ω). Figure 3 The underlying cause of this peak in the magnetic spectrum has not been fully established, but a coupling between phonons and superexchange has been proposed [30, 31] . The key observation here is that the peak is still clearly resolved in the normal state of a sample with p > p c . The presence of a clear energy scale is inconsistent with expectations for critical magnetic fluctuations. Hence, our results provide evidence against a generic antiferromagnetic quantum critical point in cuprates. Instead, evidence points to a crossover with p from stronger to weaker correlations [6, 32] .
The change in χ (ω) between base temperature and 36 K is shown in Fig. 3(c) and (d) , demonstrating the development of a spin gap in the superconducting state and a shift of weight from below to above the gap. To be explicit, we define the spin gap ∆ spin to be the energy at which the temperature difference in χ (ω) crosses zero, which corresponds to 8 ± 1 meV for both samples. Comparing with χ (ω) at 36 K, we note that the amount of spectral weight that shifts through the superconducting transition is small (consistent with previous observations of limited weight in the "resonance" peak [33] ), and ∆ spin occurs in a range where the spectral weight in the normal state is already weak. This raises the question as to whether the energy cost of gapping low-energy spin fluctuations limits the coherent superconducting gap ∆ c .
To test this idea, we need to compare with measurements of ∆ c . While ARPES studies have provided evidence for a coherent gap scale associated with the normal-state Fermi arc [16, 17] , Raman scattering data are available for a larger variety of cuprates. In particular, Raman spectra with B 2g symmetry probe the nodal directions, and measurements below T c yield an intensity peak at Ω(B 2g ) = 2∆ c . Raman studies on LSCO find that Ω(B 2g ) is essentially independent of doping for a significant range of x, and corresponds to ∆ c ≈ 8 meV for x = 0.15 and 0.17 [34, 35] . (We will assume an uncertainty of ±15% in the values of ∆ c , as the peak at Ω B2g tends to have significant width.) Andreev reflection data suggest that this trend extends out to x = 0.2 [36] . Hence, we find that ∆ c = ∆ spin for our LSCO samples, as indicated in Fig. 3(c) and (d) .
This observation has motivated us to see whether it has a more general application to cuprates. We have gone through the literature and identified studies of various cuprates that allow a reasonable estimate for ∆ spin . The results are listed in Table I , where we have also reported values for E cross , as defined in Fig. 1(b) . We note that, in all cases, χ (ω) is weak in the normal state at and below ω = ∆ spin . Raman scattering studies on YBa We plot ∆ c and E cross vs. ∆ spin in Fig. 4 . We find that ∆ c ≤ ∆ spin for all studied cuprates, whereas E cross does not show a simple systematic relationship with either ∆ spin or ∆ c . Where there is a spin gap present in the normal state that is already larger than ∆ c , as in the case of underdoped HgBa 2 CuO 4+δ [46, 47] , then the Table I. spin fluctuations do not limit the development of superconducting coherence and there is no significant shift in magnetic spectral weight across T c .
To discuss the implications of this result, we should first describe our understanding of the spin fluctuations. The experimental evidence on their doping dependence clearly indicates that they evolve continuously from the correlated insulator state, where one has local Cu moments coupled by superexchange [6, 55] . Thus, we believe that the antiferromagnetic excitations detected by neutron scattering across the phase diagram are predominantly from local Cu moments coupled by superexchange [56] .
As noted by Anderson [22] , the superexchange interaction does not involve quasiparticles. Hence, the interaction of quasiparticles with the spin correlations is inevitably strong. When a spin gap is present, quasiparticles with energies below the gap can propagate without interacting with the spins, leaving them sharply-defined in the near-nodal regime as observed by ARPES. Towards the antinodal regime, quasiparticles with energies above ∆ spin become more strongly damped and do not participate in the coherent uniform superconducting state. This perspective is consistent with the idea that the pseudogap detected by ARPES is a consequence of AF correlations [57] . Furthermore, all of the cuprates for which quantum oscillations have been observed in high magnetic fields [58] [59] [60] have large spin gaps. In YBCO, the effective mass diverges as p is reduced towards 0.085 [61] , which correlates with the closing of the spin gap [62] [63] [64] .
Evidence for strong damping of quasiparticles interacting with spin correlations also comes from measurements on samples with no spin gap, such as LSCO with x < 0.13 [65, 66] . For example, an ARPES study on LSCO x = 0.08 found a broad spectral function at the node (compared to x = 0.145) with a peak well below the Fermi energy even for T < T c [67] . This feature was interpreted as a nodal superconducting gap; however, there is no gap apparent in the leading edge of the spectral function. We suggest that this is a signature of strong damping due to the presence of gapless AF spin fluctuations. Similar behavior is also seen in Bi2212 in the mostunderdoped, yet superconducting, samples [68] . The absence of coherent quasiparticles in underdoped LSCO is also evident from the large magnitude of the in-plane resistivity [69, 70] and the fact that the low-temperature resistivity shows insulating behavior when the superconductivity is suppressed by a strong magnetic field [71] .
Of course, while sharply-defined quasiparticles are the starting point for the BCS model [72] , they are not a general prerequisite for coherent superconductivity [73] . In cuprates, we suggest that this occurs by Josephson coupling between local regions with strong hole pairing, just as has been proposed for the most extreme case of stripe ordered La 1.875 Ba 0.125 CuO 4 [74] [75] [76] [77] . While it may seem surprising that superconductivity could occur without quasiparticles, we note that this is exactly what happens along the c axis in most underdoped cuprates, where transport is incoherent and Josephson coupling is essential [78] .
To summarize, our neutron scattering measurements of low-energy spin fluctuations in LSCO with x = 0.17 and 0.21 lead to two conclusions: 1) there is no evidence for critical antiferromagnetic fluctuations in the vicinity of p c , and 2) ∆ c ≤ ∆ spin in cuprates with uniform dwave superconductivity. We believe that these results will be useful in establishing the relationship between pairing and antiferromagnetic correlations in cuprates.
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